The solution of the quantum measurement problem, entirely within conventional quantum physics, has been published on at least four occasions (Scully, Shea, & McCullen, 1978; Scully, Englert, & Schwinger, 1989; Rinner & Werner, 2008; Hobson, 2013) . A similar solution has been presented by (Dieks, 1989; Dieks, 1994; Lombardi & Dieks) , who propose it as a fundamental postulate that amounts to a new "modal interpretation" of quantum physics.
Yet many articles in this and other journals continue to treat measurement as an unsolved fundamental problem whose resolution requires either exotic interpretations or fundamental alterations of quantum theory. For example, Adler (2003) has published an article titled "Why decoherence has not solved the measurement problem", despite the fact that, as will be reviewed below, decoherence has solved the measurement problem. Ghirardi (2009 Ghirardi ( , 2013 and Bassi (2013) present their own modifications of conventional quantum physics while claiming the measurement problem to be unsolvable within conventional quantum physics. Griffiths (2013) writes of "the continuing centrality of the measurement problem for the philosophy of quantum mechanics, and to the continued lack of progress in resolving it; all that has changed is the number and variety of unsatisfactory solutions". Weinberg (2012) states "There is now in my opinion no entirely satisfactory interpretation of quantum mechanics", adding that "during measurement the state vector of the microscopic system collapses in a probabilistic way to one of a number of classical states, in a way that is unexplained and cannot be described by the time-dependent Schrödinger equation". Moreover, quantum physics textbooks (Ballentine, 1998; Galindo & Pascual, 1990; Goswami, 1992; Greiner, 1994; Griffiths, 2005; Rae, 2002; Scherrer, 2006) continue to claim that conventional quantum physics predicts Schrödinger's (1935) famous cat to be in a macroscopic superposition of alive and dead quantum states. Such a prediction would be absurd. But we'll see below that quantum physics does not in fact predict such macroscopic superpositions upon measurement.
The primary fallacy in these critiques of conventional quantum physics is that they fail to take entanglement and nonlocality into account. Here's why.
The measurement problem can be stated compactly in terms of two-state ("qubit") systems. Consider a system S, whose Hilbert space is spanned by orthonormal states s i ⟩ (i = 1, 2), in the superposition state
where c 1 2 + c 2 2 = 1. In an ideal (non-disturbing) measurement of S by an apparatus A that can reliably distinguish between the states s i ⟩, the Schrödinger equation's unitary time evolution leads to the state
of the composite system following the measurement, where the a i ⟩ are orthonormal states of A that "point" to the microscopic states s i ⟩ (Schlosshauer, 2007, pp. 63-65) .
The measurement problem arises from an oversimplification, namely the notion that ψ⟩ SA can be thought of as a simple superposition c 1 b 1 ⟩ + c 2 b 2 ⟩ of a larger system B + SA, where
. If S is a nucleus and A is Schrödinger's cat, this appears to be a superposition of an alive and dead cat -an absurd conclusion. Furthermore, such a superposition contradicts the collapse postulate of standard quantum physics--the assumption that, following the measurement, A will be in one of the states a i ⟩ and S will be in the corresponding state s i ⟩, with probabilities p i = c i 2 .
The fallacy in this argument lies in its failure to recognize ψ⟩ SA as an entangled state, having subsystems S and A that are non-locally connected (Gisin, 1991) . The formulation in the preceding paragraph misses this crucial aspect of the problem, namely the non-local nature of ψ⟩ SA . Due to non-locality, entangled superpositions of composite systems are quite unlike superpositions of simple systems. As we will see next, ψ⟩ SA predicts that neither S nor A are in superpositions themselves, while the composite system is in a superposition of an unexpected, non-local sort: SA's correlations are non-locally superposed, but its individual subsystems are not superposed.
Bell's theorem implies that entangled quantum states are non-locally connected (Gisin, 1991) . Aspect et al (1982 Aspect et al ( , 1999 have experimentally verified the predicted non-locality. In a double-slit delayed-choice experiment using photons and a "which-path" measurement apparatus, Jacques et al (2007) have demonstrated that quantum state collapse is effectively instantaneous (i.e. it occurs faster than light can connect the two subsystems) and thus nonlocal. This nonlocality is direct evidence that the composite system (the photon plus its which-path measuring apparatus) is in the entangled coherent state ψ⟩ SA , rather than in an incoherent mixture, because such mixtures are entirely local.
Thus, all analyses such as (Adler, 2003) and (Wigner, 1963 ) that claim the state we observe as the outcome of a measurement to be "either s 1 ⟩ a 1 ⟩ or s 2 ⟩ a 2 ⟩" contradict experiment. The contradiction is that this "mixed state" of the composite system, described by the density operator
has no non-local channel between S and A (i.e., it's not entangled), whereas Jacques et al's (2007) experiment demonstrated the existence of such a nonlocal channel.
A correct analysis proceeds as follows: As verified by Aspect et al's experiment, the non-locality of ψ⟩ SA implies that, no matter how widely separated S and A may be, changes in the phase of either subsystem show up instantly in the outcomes of the other subsystem. To understand what this means, we must turn to an example in which the phases of both subsystems can be experimentally varied. The experiments of Tapster (1990a, 1990b) and, nearly concurrently, Ou et al (1990) furnish just such an example. As explained in (Hobson, 2013) and (Hobson, 2010) , the experiment is performed using an ensemble of photon pairs (call the two photons S and A) that are entangled in the state ψ⟩ SA with c 1 = c 2 = 1 √ 2. Being entangled in the measurement state, the photons "measure each other". Although the experiment uses beam splitters, mirrors, variable phase shifters, and photon detectors, it is equivalent to a pair of experiments in which S and A go through separate (perhaps widely separated) double slit set-ups and impact separate detection screens at angular directions (phase angles) ϕ S and ϕ A , respectively.
Without the entanglement, each photon's impact point would conform to the usual double-slit interference pattern. But entanglement destroys these patterns: S impacts its screen randomly with no sign of a pattern or of phase dependence, and so does A. That is, both S and A are observed to be in "locally mixed states" -states that, so far as a local observer can tell, are random mixtures, showing no sign of interference or other variation as ϕ S and ϕ A are varied. Locally (i.e., as observed at S's screen and at A's screen), each photon is "decohered" by entanglement with the other photon, putting each photon into an incoherent mixed state.
But quantum physics is unitary, implying that ψ⟩ SA remains coherent despite the incoherence of its subsystems. Indeed, coherence shows up in the nonlocal results of coincidence measurements which compare the impact points of entangled pairs. These measurements reveal (and quantum theory predicts) that the coincidence rate varies coherently as the cosine of the difference ϕ S − ϕ A between the two phase angles. Thus each photon instantly "knows" the phase angle at which the other photon hits its distant screen and instantly adjusts its own impact point accordingly! This certainly appears non-local, and indeed the experimental results violate Bell's inequality. Thus, ψ⟩ SA shows coherence (definite phase relations) between the two-particle states s 1 ⟩ a 1 ⟩ and s 2 ⟩ a 2 ⟩, but incoherence between single-particle states. Putting this another way, SA's correlations are superposed, but the individual subsystems S and A are not superposed. Thus, it is only the nonlocal aspect of ψ⟩ SA , namely its S − A correlations, that is superposed. This is the subtle mechanism by which quantum physics maintains unitary evolution while still collapsing the individual subsystems. As we will see next, this mechanism resolves the measurement problem.
The dependence of the coincidence rate on ϕ S − ϕ A implies that any change in, say, A's phase angle ϕ A must show up instantly in S's data, and vice versa. This sounds as though it violates Einstein causality -the notion that neither energy nor information can be transferred at speeds faster than that of light. But quantum indeterminacy saves the day: Because of uncertainties, neither S nor A can detect any local alteration of their outcomes (Ballentine & Jarrett,1987; Eberhard & Ross, 1989) . The phase-independent nature of the local results guarantees this. Were it not for this "local camouflaging" of the phase angle, the non-locality could be used to send instantaneous signals between S and A. Thus, preservation of Einstein causality is the physical reason why the local states at S and A must be mixtures.
The non-local nature of ψ⟩ SA implies that observations carried out at A must show absolutely no sign of variations in either ϕ S or ϕ A and must thus show no sign of the manner in which the outcome ( a 1 ⟩ or a 2 ⟩) at A is correlated with the outcome ( s 1 ⟩ or s 2 ⟩) at S. For example, with both ϕ S and ϕ A set at 0, an observer at S could suddenly switch to ϕ S = π, implying that outcomes at S and A switch from correlated to anti-correlated. Yet this change in correlations must not be detectable in the statistics of A's outcomes ( a 1 ⟩ or a 2 ⟩). So the outcomes observed at S and A must be the outcomes predicted locally, without regard to the correlations with the other subsystem and despite the coherent global state ψ⟩ SA . If local observers could observe the global correlations, it would imply a violation of Einstein causality.
Indeed, it is not difficult to show directly (Hobson, 2013 ) that S cannot be in a local superposition, and similarly for A. This means that a local observer of S -an observer at the location of S -must observe S to be in either s 1 ⟩ or s 2 ⟩, and similarly for a local observer of A. In the case of Schrodinger's cat, an observer standing next to the cat must see an alive or dead cat, not both. So the cat is alive or dead, not both. Eq. (2) represents a superposition neither of cats nor of radioactive nuclei. It represents only a superposition of correlations between cats and nuclei.
As shown directly by Jacques et al's (2007) experiment, when the entanglement is achieved, S and A instantly collapse into definite states. The preceding analysis shows that this is implied by conventional quantum physics and does not need to be postulated. We've also learned something new about the collapse principle: It's always the local state that collapses, never the unitarily-evolving global state. The local state is the state we actually see. Thus the collapse principle needs to be rephrased more specifically. The con-ventional collapse postulate says that the "state" of the system collapses. Now we see that "state" should be replaced by "local state". Two theoretical objections have been raised to measurement-problem solutions of this type, i.e., solutions involving "reductions" from the composite system SA to the individual sub-systems (Schlosshauer, 2007) . The first objection is known as "basis ambiguity". This is the observation that the reduced density operators
arising from ψ⟩ SA , have non-unique eigenvectors and thus the basis sets s 1 ⟩ and a i ⟩ (i = 1, 2) are non-unique and arbitrary. This objection is specious, for two reasons. First, the bases are non-unique only if c 1 2 = c 2 2 . In the case of Schrodinger's cat, for example, this condition implies equal probability for "dead" and "alive", a situation that occurs only when t = T where T is the radioactive nucleus' half-life. For all other times, the bases are s i ⟩ and a i ⟩ with no ambiguity. Second, and more fundamentally, the question of the basis set is not simply a matter of abstract mathematics. The basis states refer to the states s 1 ⟩ and s 2 ⟩ that a particular physical measurement device A can distinguish between by evolving into the states a 1 ⟩ and a 2 ⟩. Thus the bases are uniquely selected by the physics.
The second theoretical objection is that the reduced density operators are "improper", because they arise not from ignorance about the quantum states of S and A but rather by reduction from the composite pure state ψ⟩ SAthe state that S and A are said to be "really" in. But this ignores the global versus local distinction that is central to resolving the measurement problem. Unlike a global observer, local observers at S and A must be uncertain about the (local) quantum states of these systems in order to preserve Einstein causality, and thus Eqs. (4) are the physically appropriate density operators. S and A are really in their local states, not the global state, because these are the states we always directly observe; the global state merely conveys the correlations between local states, correlations that cannot be observed locally without violating Einstein causality.
This analysis solves only the problem of definite outcomes, not the full mea-surement problem. We've seen that, despite superficial appearances, Eq. (2) is the collapsed state, exhibiting definite outcomes for both sub-systems. But the measurement is not complete until the outcomes are irreversibly recorded, and this global state is still reversible. For example, the mixed definite states observed in the Rarity & Tapster and Ou et al experiments exist as soon as the entanglement is created in the "parametric down-converter" that is the source of the photon pair, but the global state remains in principle reversible until one of the photons impacts a detector. Zurek (1981 Zurek ( , 1982 Zurek ( , 1991 Zurek ( , 1993 Zurek ( , 2007 has shown that environment-caused decoherence resolves the irreversibility aspect of the measurement problem. In the case of the Rarity & Tapster and Ou et al experiments, the "environment" is the macroscopic detector.
This solution of the measurement problem opens a new perspective on measurement and entanglement. Every "measured" (i.e., entangled) system S collapses only locally, while necessarily retaining an entanglement with some particular other system A that could be quite distant from S. In the RarityTapster and Ou experiments, for example, we observe each photon S to be in some definite state s 1 ⟩ or s 2 ⟩. If we then choose to manipulate S experimentally, we will encounter no contradiction with the global state ψ⟩ SA unless we happen to directly or indirectly compare S with its particular correlated photon A. We might then (if we could re-create the same entanglement in an ensemble of identical experiments) observe unpredicted S − A correlations. This does not invalidate quantum physics, but it adds an unavoidable complication to the theory. After all, most quanta Q (a photon, electron, atom, etc.) are surely entangled with at least one other quantum object, such as the object with which Q last interacted. Despite such stray entanglements, we generally treat the photons and other quanta in our labs as though they were in a pure state of their own. We now see that this is very likely not true, certainly not in the case of a measured photon or other object, because such a photon is necessarily entangled with the apparatus that measured it. Because of unavoidable entanglements, neither measured systems nor any other systems are likely to be in pure quantum states of their own. Nevertheless, we can generally treat them as though they were in pure quantum states of their own.
